**Research Highlights**

\(1\) Emodin can improve the viability of neurons following ischemic-hypoxic injury, upregulate the expression of activin A, and downregulate the expression of caspase-3, thus inhibiting neuronal apoptosis and playing a neuroprotective role.

\(2\) The oxygen-glucose deprived PC12 model was established using the combined method of physical chemistry with some modifications.

\(3\) Unlike other studies, we aimed to observe changes in activin A expression and the signaling pathway involved following ischemic injury in neurons subjected to emodin intervention.

INTRODUCTION {#sec1-1}
============

The pathogenesis and mechanism underlying hypoxic-ischemic brain damage remains unclear, and there are few clinical preventive measures at present. The existing protective agents are citicoline and edaravone. Activin is widely distributed *in vivo* and exerts great biological activity. In addition, activin A can regulate cell repair, differentiation and apoptosis, promote tissue regeneration, participate in many pathological processes, and has apparent tissue-specific features\[[@ref1]\].

Interest in activin A as a strong protective factor in the nervous system has recently emerged\[[@ref2]\], and its mechanism of action has been suggested to depend on the activin A/Samds signal transduction system\[[@ref3]\]. The activin A signal system is a member of the transforming growth factor β1 signal transduction system superfamily\[[@ref4]\], and growing evidence supports the neuroprotective effect of activin A\[[@ref5][@ref6]\]. Activin binds to serine/threonine phosphatase receptors (type 1 or 2) on the cell membrane to transfer signals\[[@ref7]\]. Activin receptors may bind with a variety of transforming growth factor ligands, such as tubocurarine chloride, growth differentiation factor 11, and nodal. Once the ligand of activin A is activated *in vivo*, it produces different physiological and pathological events. Activin receptors activated by ligands can modulate the phosphorylation of Smads, such as Smad2 and Smad3. Receptor-regulated Smad protein is attributable to Smad4 protein multimerization. This polymer then transfers to the nucleus where it has a synergic effect on intranuclear cofactors to regulate the transcription of target genes\[[@ref8][@ref9]\]. The effects may affect intracellular protein stability, localization, and transcriptional activity, which is also regulated by a variety of mechanisms through receptors and Smads signal transduction, such as phosphorylation and other post-translational modifications\[[@ref10]\].

Emodin, extracted from the dried rhizome and the root of *Rhizoma Polygoni Cuspidati*, has been shown to have antioxidant properties\[[@ref11]\] and an antitumor\[[@ref12]\] function. Growing evidence has shown that emodin interacts with transforming growth factor beta 1\[[@ref13]\], Rho kinase\[[@ref14]\] and other signal transduction pathways. In addition, emodin has neuroprotective effects and may prevent the formation of atherosclerotic plaques\[[@ref15][@ref16]\] by reducing the productions of photo-induced reactive oxygen species, interleukin 8, and monocyte chemoattractant protein 1. Because of its anti-oxidative effect and inhibitory effect on glutamate toxicity, emodin plays a neuroprotective role, and can antagonize ischemia-reperfusion brain injury, as well as the resultant glutamate toxicity\[[@ref17][@ref18]\]. Similar effects were also found against cerebral ischemia\[[@ref16]\]. Emodin leads to an apparent decline in cell apoptosis\[[@ref19]\]. Because of this protective effect of emodin in the nervous system, we speculate that the effect may be associated with the activin A signaling system. Therefore, in this study, we aimed to investigate the protective role of emodin and activin A.

RESULTS {#sec1-2}
=======

Morphology of PC12 cells {#sec2-1}
------------------------

Under the inverted microscope, PC12 cells cultured for 12 hours were observed to be freely floating; after 36 hours of culture, PC12 cells began to adhere to the wall of culture flasks; after 72 hours of culture, PC12 cells proliferated rapidly and covered the bottom of the culture flask ([Figure 1](#F1){ref-type="fig"}).

![Morphology of cultured PC12 cells (inverted microscopy, × 100).\
(A) After 12 hours of culture, PC12 cells had not adhered to the flask and were prone to clustering when in suspension.\
(B) After 36 hours of culture, PC12 cells in culture medium were oval or polygonal shaped, and aggregated into clusters.\
(C) After 72 hours of culture, PC12 cells entered the logarithmic growth phase, proliferated rapidly, with strong refraction and significantly increased number.](NRR-8-1360-g001){#F1}

PC12 cells differentiated into neuron-like cells under stimulation of mouse nerve growth factor {#sec2-2}
-----------------------------------------------------------------------------------------------

After PC12 cells were induced with mouse nerve growth factor for 24 hours, cells formed processes; 36 hours later, cell processes became longer and thicker; 72 hours later, the length of processes were five times longer than the cell body, and synapses and neurite networks formed, all of which are morphological characteristics of neurons. Cells with apparent neuronal characteristics accounted for 95% of the total cell number ([Figure 2](#F2){ref-type="fig"}).

![Mouse nerve growth factor induced PC12 cell differentiation into neuron-like cells (inverted microscopy, × 100).\
(A) Induced for 24 hours, cells extended short processes.\
(B) Induced for 36 hours, cell processes thickened and the number increased.\
(C) Induced for 72 hours, synaptic length was five times that of the cell body, and networks formed, showing typical neuronal morphology.](NRR-8-1360-g002){#F2}

After PC12 cells were induced with mouse nerve growth factor for 72 hours, immunofluorescence cytochemical staining revealed the expression of microtubule-associated protein 2 within cells ([Figure 3](#F3){ref-type="fig"}).

![PC12 cells expressed microtubule-associated protein 2 after induction with mouse nerve growth factor for 72 hours (immunofluorescence cytochemical staining, × 400).\
Under blue light excitation, multiform green fluorescent areas with long processes were visible in a scattered distribution, with apparent contrast to the background. Stain is fluorescein isothiocyanate, and positive expression is green.](NRR-8-1360-g003){#F3}

PC12 cell viability decreased following oxygen-glucose deprivation {#sec2-3}
------------------------------------------------------------------

Results from the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed that the survival rate of PC12 cells decreased after 3 hours of oxygen-glucose deprivation, and the decrease was time-dependent (*P* \< 0.05). Only 10% of cells survived compared with the control group at 24 hours ([Figure 4](#F4){ref-type="fig"}).

![Effect of oxygen-glucose deprivation on the survival rate of PC12 cells.\
The cell survival rate was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and the following formula: survival rate (%) = (absorbance at 490 nm in the experimental group / absorbance at 490 nm in the control group) × 100%. Data are expressed as mean ± SD, and multiple comparisons were performed using the Student-Newman-Keuls test. ^a^*P* \< 0.05, *vs*. 0 hour; ^b^*P* \< 0.05, *vs*. 3 hours.](NRR-8-1360-g004){#F4}

Hoechst 33342 fluorescent staining showed that scattered apoptotic cells were visible, with bright blue nuclei after 3 and 6 hours of oxygen-glucose deprivation. The number of apoptotic cells increased after 9 hours of deprivation. The majority of cells were typically bright, showing pyknosis and hyperchromatic apoptosis morphology at 12 hours, while there were few normal cells. At 24 hours, most cells died, and healthy cells were rarely seen ([Figure 5](#F5){ref-type="fig"}).

![Effect of oxygen-glucose deprivation on PC12 cells apoptosis.\
(A--D) Hoechst 33342 fluorescent staining, × 100. Apoptotic cells stained bright blue in the nucleus. (A) No apoptotic cells were found in the control group. (B) At 6 hours after oxygen-glucose deprivation, a few apoptotic cells were visible. (C) At 12 hours after oxygen-glucose deprivation, the number of apoptotic cells significantly increased. (D) At 24 hours after oxygen-glucose deprivation, the majority of cells died.\
(E) The percentage of apoptotic cells was determined by the following equation: apoptotic rate (%) = (number of apoptotic cells/total number of cells counted) × 100%. Data are expressed as mean ± SD, and multiple comparisons were performed using the Student-Newman-Keuls test. The experiment was repeated three times. ^a^*P* \< 0.05, *vs*. 0 hour; ^b^*P* \< 0.05, *vs*. 3 hours.](NRR-8-1360-g005){#F5}

Emodin increased PC12 cell viability following oxygen-glucose deprivation {#sec2-4}
-------------------------------------------------------------------------

MTT test results showed that emodin at 20 μmol/mL exerted the greatest protection against neuronal injury, with the rate of apoptosis reaching a minimum. Emodin at a lower or higher dose than 20 μmol/mL could not achieve a greater neuroprotective effect. Therefore, we selected 20 μmol/mL as the final concentration for intervention. Compared with the normal control group, cell viability decreased significantly after 6 hours of oxygen-glucose deprivation (*P* \< 0.05); however, 20 μmol/mL emodin significantly improved cell viability (*P* \< 0.05; [Figure 6](#F6){ref-type="fig"}).

![Effect of emodin on PC12 cell viability following oxygen-glucose deprivation (OGD).\
The cell survival rate was detected using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and the following formula: survival rate (%) = (absorbance at 490 nm in the experimental group / absorbance at 490 nm in the control group) × 100%. Data are expressed as mean ± SD, and multiple comparisons were performed using the Student-Newman-Keuls test. The experiment was repeated three times. ^a^*P* \< 0.05, *vs*. control group; ^b^*P* \< 0.05, *vs*. OGD group.](NRR-8-1360-g006){#F6}

Emodin increased activin A content in PC12 cells following oxygen-glucose deprivation {#sec2-5}
-------------------------------------------------------------------------------------

After PC cells were cultured for 6 hours, a small amount of activin A was detected in the control group by enzyme linked immunosorbent assay. After oxygen-glucose deprivation, activin A levels in PC12 cell culture medium was significantly increased compared with the control group (*P* \< 0.05), and was significantly increased in the emodin group compared with the oxygen-glucose deprivation group (*P* \< 0.05). This evidence indicated that the emodin could stimulate the secretion of activin A ([Figure 7](#F7){ref-type="fig"}).

![Effect of emodin on activin A content in PC12 cells following oxygen-glucose deprivation (OGD).\
Activin A content was determined using the enzyme-linked immunosorbent assay. Data are expressed as mean ± SD, and multiple comparisons were performed using the Student-Newman-Keuls test. The experiment was repeated three times. ^a^*P* \< 0.05, *vs*. control group; ^b^*P* \< 0.05, *vs*. OGD group.](NRR-8-1360-g007){#F7}

Emodin inhibited caspase-3 expression in PC12 cells following oxygen-glucose deprivation {#sec2-6}
----------------------------------------------------------------------------------------

Western blot analysis showed that after 6 hours of oxygen-glucose deprivation, procaspase-3 and cleaved caspase-3 were highly expressed in cells (*P* \< 0.05). However, emodin significantly inhibited cleaved caspase-3 expression (*P* \< 0.05; [Figure 8](#F8){ref-type="fig"}).

![Effect of emodin on caspase-3 expression in PC12 cells following oxygen-glucose deprivation (OGD).\
Caspase-3 expression is represented as the absorbance ratio of procaspase-3 and cleaved caspase-3 to β-actin. The expression of caspase-3 in the control group was 1. Data are expressed as mean ± SD, and multiple comparisons were performed using the Student-Newman-Keuls test. The experiment was repeated three times. ^a^*P* \< 0.05, *vs*. control group; ^b^*P* \< 0.05, *vs*. OGD group.](NRR-8-1360-g008){#F8}

DISCUSSION {#sec1-3}
==========

In this study, the rat PC12 cell line was shown to differentiate into neuron-like cells after induction with mouse nerve growth factor *in vitro*. The oxygen-glucose deprivation model was established using the method described by Guo *et al*\[[@ref20]\] with some modifications, and the hypoxic-ischemic cell model was considered successful upon an increase in the rate of apoptosis.

Results of this study showed that emodin significantly increased the survival rate of oxygen-glucose-deprived PC12 cells, suggesting that emodin can improve the tolerance and viability of neurons after hypoxic-ischemic brain damage *in vitro*. Activin A was highly expressed in PC12 cells, which suggested that emodin activated the self-protection mechanism of neurons in advance, and upregulated the expression of activin. Physcione may induce mesenchymal progenitor cell transformation into osteoblasts through the activation of the Smad signal transduction system, which triggers bone morphogenetic protein expression and differentiation. Therefore, the Smad signal transduction system activates the protein kinase B/Akt and extracellular regulated protein kinases/microtubule-associated protein signal transduction system, and inhibits the phosphatidylinositol 3-kinase signal transduction system, which are all conducive to changing the biological activity of cells and to affecting the biological functions of tissues and organs. Emodin, one carbon atom less than physcion, can transform into physcion *in vivo*, so it is speculated that emodin may activate the activin A/Smads signal transduction system, which leads to the formation of autocrine activin A protein through a positive feedback mechanism that increases the anti-damage capacity of neuronal cells\[[@ref21]\].

After oxygen-glucose deprived PC12 cells were subjected to emodin intervention, the expression levels of procaspase-3 and cleaved caspase-3 were significantly decreased compared with the oxygen-glucose deprivation alone group. This is evidence that the neuroprotective effect of emodin can be achieved by preventing cell apoptosis. Heger *et al*\[[@ref22]\] found that caspase-3 was closely associated with the Smads signal transduction system.

In summary, emodin can upregulate the expression of activin A, and activin A can downregulate caspase-3 expression through the activation of the activin A/Smads pathway, thus inhibiting neuronal apoptosis and playing a neuroprotective role.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-7}
------

A comparative observation focusing on cell biology.

Time and setting {#sec2-8}
----------------

Experiments were performed from January 2010 to December 2011 in the Animal Experimental Center of Capital Medical University, China.

Materials {#sec2-9}
---------

### Cells {#sec3-1}

PC12 cells were purchased from Beijing Golden Bauhinia Biological Co., Ltd., Beijing, China.

### Drugs {#sec3-2}

Emodin (chemical name 6-methyl-1,3,8-trihydroxyanthraquinone, molecular formula C~15~H~10~O~5~, molecular weight 270.24, purity 98%) was provided by the National Institute for the Control of Pharmaceutical and Biological Products, Beijing, China. Emodin was dissolved in dimethyl sulfoxide solution and stored at --20°C.

Methods {#sec2-10}
-------

### PC12 cell culture {#sec3-3}

PC12 cells was incubated with Dulbecco\'s modified Eagle\'s medium (Gibco, Carlsbad, CA, USA) in polylysine-treated culture flasks at 37°C and maintained in a 5% (v/v) CO~2~ incubator. Two days later, culture medium was replenished. The cultured cells were used for the experiments if they were 85% confluent. After PC12 cells were cultured for 72 hours, cell morphology was observed using an inverted microscope (Olympus, Tokyo, Japan).

### Induction of PC12 cell differentiation {#sec3-4}

PC12 cell coverslips, at a density of 5 × 10^4^ cells/mL, were incubated with Dulbecco\'s modified Eagle\'s medium containing 0.05 mg/mL nerve growth factor in a 24-well plate for 24 hours. Cell morphology was observed under an inverted microscope at 0, 24, 36, and 72 hours after intervention with nerve growth factor. The neuron-like cells were identified upon the appearance of cell neurite lengths exceeding twice that of the cell body length, and cells with several processes were also regarded as neuron-like cells. The ratio of positive cells differentiating into neuron-like cells was calculated in five wells, and an average value was measured.

### Expression of microtubule-associated protein 2 in neuron-like cells as detected by immunofluorescence cytochemical staining {#sec3-5}

Cell slides were removed from the 24-well culture plate, rinsed with 0.01 mol/L PBS, fixed with 4% (w/v) paraformaldehyde, and permeabilized with 0.1% (v/v) Triton X-100 for 10 minutes, and then blocked with 10% (v/v) sheep serum for 30 minutes. Cells were incubated with rabbit anti-rat microtubule-associated protein 2 (1 mg/mL; Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China) overnight at 4°C in a wet box, followed by incubation with fluorescein isothiocyanate-labeled goat anti-rabbit IgG (2 mg/mL; Beijing Biosynthesis Biotechnology Co., Ltd.) at 37°C for 20 minutes. Slides were mounted with Fluoromount-G. The negative control was treated with PBS instead of antibody. Cells were observed under a fluorescent microscope (Olympus).

### Establishment of oxygen-glucose deprivation model {#sec3-6}

With some modifications based on the methods of Guo *et al*\[[@ref20]\], cell culture flasks were fixed in sealed glassware with the addition of 100 mL sterile water and 40 g sodium hydrosulfite, to assist with deoxygenation. The sealed glassware was connected with a rubber pipe by two holes, to maintain CO~2~ at 5% (v/v) and N~2~ at 95% (v/v). PC12 cells were incubated in glucose-free culture medium containing 10% (v/v) fetal bovine serum and 1 mmol/L sodium hydrosulfite. The hypoxic tank (sealed glassware) was maintained at 37°C.

### Emodin intervention and MTT detection of cell viability {#sec3-7}

At 3, 6, 9, 12, 16, and 24 hours of hypoxia, each well was added with 100 μL of cell suspension and cells at a density of 5 × 10^4^ cells/mL were incubated with 5% (v/v) CO~2~ at 37°C until cells covered the bottom of culture flask. Cultured cells were then incubated with 2.5, 5, 10, 20, and 40 μmol/mL emodin for 48 hours, followed by the addition of 20 μL MTT solution (5 mg/mL) for an additional 4 hours. After the culture medium was discarded, 150 μL dimethyl sulfoxide was added for 10 minutes. The absorbance at 490 nm was measured using an enzyme linked immunoassay device (Beijing Prolong Science & Technology Co., Ltd., Beijing, China), and the survival rate of cells was calculated. The survival rate (%) = absorbance at 490 nm in the experimental group / absorbance at 490 nm in the control group × 100%. The experiment was performed in triplicate. Cells were incubated using Dulbecco\'s modified Eagle\'s medium culture solution at a concentration of 20 μmol/mL.

### Hoechst 33342 fluorescent staining detection of PC12 cell apoptosis {#sec3-8}

At 3, 6, 9, 12, 16, and 24 hours of cell culture, the cell suspension (5 × 10^4^/mL) was added to the disposable cell slide in 12-well culture plates, and was subjected to oxygen-glucose deprivation. After the culture solution was discarded, cells were fixed with 0.5 mL of 95% (v/v) ethanol, rinsed twice with PBS, and stained with 0.5 mL Hoechst. Anti-fluorescence quenching mounting liquid was added to each slide and cells were observed under a fluorescence microscope. Apoptotic cells were stained bright blue in the nucleus. The apoptotic rate was measured as the percentage of apoptotic cells to the total number of cells under 100 × magnification. The experiment was performed in triplicate and the average value was calculated.

### Enzyme linked immunosorbent assay for activin A content in PC12 cells {#sec3-9}

After cells were cultured for 6 hours, the supernatant was extracted and collected in a sterile tube, centrifuged at 2 000 r/min for 20 minutes, and preserved for further use. In strict accordance with the kit instructions (R&D, Minneapolis, MN, USA), activin A levels were determined using the enzyme linked immunosorbent assay and the linear regression equation involving the activin A standard curve. The experiment was performed in triplicate.

### Western blot assay for caspase-3 protein expression in PC12 cells {#sec3-10}

After oxygen-glucose deprivation, PC12 cells were treated with emodin, culture medium was discarded, and cells were incubated with 1 × sodium dodecyl sulfate sample buffer. Cells were scraped and transferred to a centrifuge tube. DNA was sheared by sonication for 10--15 seconds, samples were boiled for 5 minutes and cells were centrifuged at 12 000 r/min for 5 minutes. After the supernatant was removed, cells were subjected to electrophoretic separation and transferred to a nitrocellulose membrane. The membrane was blocked with 5% (w/v) skim milk at room temperature for 1 hour, and incubated with rabbit anti-rat procaspase-3 and active caspase-3 monoclonal antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and mouse anti-rat β-actin monoclonal antibody (200 μg/mL; Santa Cruz Biotechnology) at 4°C overnight. On the next day, the membrane was rinsed with blocking solution three times for 5 minutes each, and incubated with horseradish peroxidase-conjugated goat anti-rabbit/mouse antibody (1:1 000; Santa Cruz Biotechnology) at 37°C for 2 hours. The membrane was then washed with Tris buffered saline containing 0.1% (v/v) Tween 20 three times, for 5 minutes each. Protein was detected by chemiluminescence and the band intensities were quantified following scanning with a gel image analysis system (Olympus). The absorbance ratio of the protein band to the internal reference was calculated. The experiment was performed in triplicate.

### Statistical analysis {#sec3-11}

Data are expressed as mean ± SD, and were statistically analyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA). Differences between groups were compared by one-way analysis of variance, and multiple comparisons were performed using the Student-Newman-Keuls test. A *P* value less than 0.05 was regarded as a significant difference.
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